INTRODUCTION
ThOUGH the existence of genetic variation in radiosensitivity within species of both plants and animals has been recognised for some time, in only a few instances has an analysis been attempted of the nature of the genetical control of this character. Grahn in a series of studies of acute and chronic irradiation toxicity in mice has shown that in this species, radiosensitivity is a continuously distributed variable (see Grahn, 1958) . Smith (1942) , on the other hand, has reported a major gene affecting sensitivity in Triticum monococcum. In the absence of any detailed information on this topic an analysis of the genetical control of radiosensitivity was attempted.
MATERIALS AND METHODS
A rapid and efficient method of obtaining an overall picture of the genetical control of continuously distributed variables has been developed by Jinks and 1-layman (1953) and Jinks (1954) . It involves an analysis of data from a set of diallel crosses between a number of inbred lines, and this was the technique adopted in the present instance for analysing the genetical control of radiosensitivity in six tomato varieties. The six varieties chosen were : (i) Harbinger, (2) Early Market, () Essex Wonder, (4) Ailsa Craig, () Hundredfold and (6) Carter's Sunrise. These were crossed in all possible combinations, including reciprocals, and the parental and F seed used in the experiments. Seeds were equilibrated over calcium chloride for seven days in order to standardise their water content, and were then exposed to 28,! i6 rads of 60Co gamma rays at a rate of 2000 rads per hour. The plants were grown throughout in a heated greenhouse and planted in four blocks, each block consisting of 36 plots. The plots were divided into two sub-plots, one having 7 controlled and the other 7 irradiated plants of a given genotype. The characters scored were the distance from the apex of one cotyledon to the apex of the other at the 12th day, and the lengths of the first and second leaves at the 19th day after sowing.
RESULTS (I) Radiation sensitivity
An analysis of radiosensitivity could not be immediately undertaken using the differences between the means of the irradiated and control plants for each genotype, as it was found that a linear relationship existed between this difference and the size of the control plants. This correlation had to be removed in order to obtain a true measure of the radiosensitivity of the plants. A regression was fitted to the observations relating this difference between control and irradiated 
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parent means (Wr) (Jinks and Hayman, bc. cit.) . Comparisons may also be made of Wr and co-variance within arrays of family means on to the mean of all offspring of that array W1r) (Hayman, 1958 Wr axis. Interaction is revealed on the Wr/Vr graph by a deviation of the best fitting regression line from a slope of x, and in the case of the W1r/Wr graph, by a deviation from a slope of o5. The position of a point on the regression line reflects the relative number of dominant to recessive genes in the common parent of the array-the nearer to the origin the greater the proportion of dominant alleles. A. Cotyledon length. Table 2 gives the results of the analysis of variance of cotyledon data. A Bartlett's test of heterogeneity of block interactions was not significant (x) = 301; P==o•7 to 0.5), and
so the main components were tested against a common error variance. The significance of (a) indicates differences between the mean effects of the parental lines; (b1) tests if there is a significant excess of dominance in one direction, and (b2) and (b2) indicate the occurrence of dominance. The mean parental value was -8o3 and that of the progenies + i 6o, indicating an overall greater average radiosensitivity of hybrids than of parents. An unusual feature was the very marked consistent maternal effect (c) and non-consistent maternal effect (d). were not significantly different. The slope of the regression line for the mean values for all blocks, b = o574±o3o3, did not represent a significant deviation from i (P =0.3 too 2), and the line passed through a point which did not deviate significantly from the origin (P =0 2 to 0.1).
This significant regression line of slope i passing through the origin suggested the occurrence of dominance. There was no evidence of the presence of over-dominance or of non-allelic interaction. The joint regression for W1r/Wr was again very significant (P<ooox), b = o333±oo66, the value of b agreeing with a slope of 05 (P== ox to 0.05). This line could also be regarded as passing through the origin (P >09). The position of the parents on the Wr/Vr and W1r/Wr graphs showed that arrays 6 and 4 had most of the recessive alleles.
Though the joint regression test for Wr/Vr was significant, the slope of the line was low and the errors high and there were obviously factors upsetting the Wr/Vr relationship. In other words, the inheritance of this character was not simple. Low heritability could cause a poor distribution of array points, but the evidence from the initial analysis of variance showed that there was a significant heritable component. There was no real evidence of interaction or of unequal gene distribution, though there was some evidence of curvature in the Wr/Vr relationship. What was much more likely was that the very strong consistent and inconsistent maternal effects observed in the initial analysis were having an effect on the Wr/Vr relationships. The W1r/Wr relationship is generally considered to be less sensitive to upsets than the Wr/Vr relationship. If the true nuclear genetic situation was being masked by the consistent maternal effect (c), than an analysis of the data from rows (common female parent) and columns (common male parent) separately should give useful information; in theory, information from the data obtained from the rows should be less disturbed than that from columns. Wr/Vr and W1r/Wr relationships for rows and columns were determined, but it was found that these did not provide a significant regression linein other words, the relationship for rows and for columns was worse than that for the summed reciprocal families. All this information indicated that the (c) component could not entirely account for the upsetting of the Wr/Vr relationship, but rather that the (d) component was particularly important. Yet the upsetting influence of (d) was less apparent when mean values for families were summed over reciprocals, as a significant Wr/Vr regression was then obtained. It was also of interest to note that the apparent position of the array points varied in the row, column and summed reciprocal family graphs, indicating that maternal effects could influence apparent dominance relationships. Definite evidence substantiating this observation was obtaincd in a later analysis.
More detailed analyses and an estimation of genetic parameters from second degree statistics (Mather, 1949) were not considcred justified in view of the pronounced maternal effects found.
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were not significantly different. The slope of the regression line for the mean values for all blocks, b = o574±o3o3, did not represent a significant deviation from i (P = 03 too .2), and the line passed through a point which did not deviate significantly from the origin (P =o 2 too•1). This significant regression line of slope i passing through the origin suggested the occurrence of dominance. There was no evidence of the presence of over-dominance or of non-allelic interaction. The joint regression for W1r/Wr was again very significant (P<ooox), b = o333±oo66, the value of b agreeing with a slope of o5 (P= oi to 0.05). This line could also be regarded as passing through the origin (P >o9). The position of the parents on the Wr/Vr and W1r/Wr graphs showed that arrays 6 and 4 had most of the recessive alleles.
Though the joint regression test for Wr/Vr was significant, the slope of the line was low and the errors high and there were obviously factors upsetting the Wr/Vr relationship. In other words, the inheritance of this character was not simple. Low heritability could cause a poor distribution of array points, but the evidence from the initial analysis of variance showed that there was a significant heritable component. There was no real evidence of interaction or of unequal gene distribution, though there was some evidence of curvature in the Wr/Vr relationship. What was much more likely was that the very strong consistent and inconsistent maternal effects observed in the initial analysis were having an effect on the Wr/Vr relationships. The W1r/Wr relationship is generally considered to be less sensitive to upsets than the Wr/Vr relationship. If the true nuclear genetic situation was being masked by the consistent maternal effect (c), than an analysis of the data from rows (common female parent) and columns (common male parent) separately should give useful information; in theory, information from the dat a obtained from the rows should be less disturbed than that from columns. Wr/Vr and W1r/Wr relationships for rows and columns were determined, but it was found that these did not provide a significant regression linein other words, the relationship for rows and for columns was worse than that for the summed reciprocal families. All this information indicated that the (c) component could not entirely account for the upsetting of the Wr/Vr relationship, but rather that the (d) component was particularly important. Yet the upsetting influence of (d) was less apparent when mean values for families were summed over reciprocals, as a significant Wr/Vr regression was then obtained. It was also of interest to note that the apparent position of the array points varied in the row, column and summed reciprocal family graphs, indicating that maternal effects could influence apparent dominance relationships. Definite evidence substantiating this observation was obtained in a later analysis.
More detailed analyses and an estimation of genetic parameters from second degree statistics (Mather, i 949) were not considered justified in view of the pronounced maternal effects found.
B. First and second leaf lengths. The mean values and results of the analyses of variance are given in tables i and 2. The data are similar to those from the cotyledons in that there was evidence of variability between parents, of dominance, and of pronounced consistent and non-consistent maternal effects. The only difference found was in the case of the (b1) component-for the first and second leaf lengths there was evidence of balanced dominance. The Wr/Vr and W1r/Wr graphs are shown in fig. i ; the analyses of the joint regression lines showed both to be significant (P<oooi). There was again no evidence of heterogeneity over blocks, and in only one instance was there a doubtful suggestion of a difference in the regression means. Though the joint regression test was significant, the value of b and the errors were high, and there was a lack of proportionality between array variance and co-variance (Vr and Wr). This could in theory be accounted for by a heterogeneity in the error variances of the array variances, but a Bartlett's test showed them to be homogeneous (P=o7 to 0.5). Separation of the data into rows and columns and subsequent analysis of the data in this form did not materially improve the Wr/Vr relationships, again indicating the importance of the (d) component. The W1r/Wr joint regression lines from these two characters did deviate significantly from a slope of o5 ( fig. i) (P<oooi for the first leaves and P=oo5 to 002 for the second leaves) indicating some form of interaction. However, no definite conclusions can be drawn from the variance and covariance relationships as these were obviously again being upset to a very marked degree. The position of points again appeared to change according to whether data from rows, columns or reciprocal families were used. Arrays 6, 4 and 3 had most recessive alleles.
(H) The control chorocters
The mean values and results of the analyses of variance for control characters-cotyledon length, first and second leaf lengths3 are given in tables 3 and 4. There was evidence of differences between the parents for all three characters, no heterosis, but some evidence of dominance, especially for cotyledon length. The maternal effects were nowhere as pronounced for this character as for radiosensitivity. That maternal effects were important was, however, obvious when (a) was recalculated for rows and for columns separately. The differences between arrays for rows would include inherent genetic differences as well as differences due to maternal effects3 and these could cancel each other out. This in fact did occur, and the sums of squares for rows (table 4) was in every instance much smaller than that for columns. The differences between columns would be due to the nuclear genetic differences only. The two new (a) values calculated should equal the sum of (a) and (c) calculated from the summed reciprocal families. Thus again we had a situation in which the true nuclear genetic and cytoplasmic controls were possibly being 6 D. R. DAVIES B. First and second leaf lengths. The mean values and results of the analyses of variance are given in tables i and 2. The data are similar to those from the cotyledons in that there was evidence of variability between parents, of dominance, and of pronounced consistent and non-consistent maternal effects. The only difference found was in the case of the (b1) component-for the first and second leaf lengths there was evidence of balanced dominance. The Wr/Vr and W1r/Wr graphs are shown in fig. i ; the analyses of the joint regression lines showed both to be significant (P<oooi). There was again no evidence of heterogeneity over blocks, and in only one instance was there a doubtful suggestion of a difference in the regression means. Though the joint regression test was significant, the value of b and the errors were high, and there was a lack of proportionality between array variance and co-variance (Vr and Wr). This could in theory be accounted for by a heterogeneity in the error variances of the array variances, but a Bartlett's test showed them to be homogeneous (P=o7 to o5). Separation of the data into rows and columns and subsequent analysis of the data in this form did not materially improve the Wr/Vr relationships, again indicating the importance of the (d) component. The W1r/Wr joint regression lines from these two characters did deviate significantly from a slope of o ( fig. i) (P<ooot for the first leaves and P=oo5 to oo2 for the second leaves) indicating some form of interaction. However, no definite conclusions can be drawn from the variance and covariance relationships as these were obviously again being upset to a very marked degree. The position of points again appeared to change according to whether data from rows, columns or reciprocal families were used. Arrays 6, 4 and 3 had most recessive alleles.
(H) The control characters
The mean values and results of the analyses of variance for control characters-cotyledon length, first and second leaf lengths, are given in tables 3 and 4. There was evidence of differences between the parents for all three characters, no heterosis, but some evidence of dominance, especially for cotyledon length. The maternal effects were nowhere as pronounced for this character as for radiosensitivity. That maternal effects were important was, however, obvious when (a) was recalculated for rows and for columns separately. The differences between arrays for rows would include inherent genetic differences as well as differences due to maternal effects, and these could cancel each other out. This in fact did occur, and the sums of squares for rows (table 4) was in every instance much smaller than that for columns. The differences between columns would be due to the nuclear genetic differences only. The two new (a) values calculated should equal the sum of (a) and (c) calculated from the summed reciprocal families. Thus again we had a situation in which the true nuclear genetic and cytoplasmic controls were possibly being Here again, this was not due to a lack of genetic differences or to environmental error variation, but to consistent or non-consistent maternal effects, or to nuclear gene interaction. All joint regressions for rows and columns were also not significant.
(UI) The comparison of radiosensitivity and of the control characters
The ultimate aim in this experiment, having now shown that there were heritable differences between parental lines in terms of radiosensitivity, was (a) to compare the control of the characters at the different stages in the plant's development (cotyledons, first and second leaves) and (b) to determine whether there was a different control of radiosensitivity and of growth (the control characters above). The analysis of was adapted for this purpose. This analysis is concerned with the relative magnitudes of Wr and Vr under different conditions, and will test the significance of variation due to dominance, (D, difference between Wr and Vr) and to arrays, A. A significant dominance component can be expected, except when dominance is complete. The array component detects differences in the proportion of dominant and recessive alleles between parents. The analysis was also adapted to test for differences between rows and columns, and between blocks. Dominance and array components can be estimated for the two characters, radiosensitivity and control values, for the three stages at which the effects were measured, and for differences in their expression in rows and columns. Other interactions are of interest also-for example, a significant dominance x arrays component usually indicates non-allelic interaction. Information such as this could substantiate the tentative conclusions drawn from the earlier inconclusive analyses.
The analysis of variance is given in table 5. When all the data were taken together there was evidence of incomplete dominance (D) and of differences between leaves (L). The proportion of dominant alleles in the various genotypes was diflèrent for radiosensitivity and the control character (A >< C); the mean dominance values also differed for the two characters (D x C)-in fact, this was one of the largest components of variation. Mean dominance also varied in the three leaves examined (D >< L). Significant higher order interactions (ABCL), (DBCL) and (ADRBC) showed that all main effects were important and were interacting in a complex manner. Since such marked interactions were found, the data were split and analyses undertaken separately of data from the irradiated, control, cotyledon, first and second leaf series. Again the high order interactions ADRB in the irradiated and control series were significant. In the irradiated data of particular interest was the interaction (AxR), indicating a difference in the apparent proportion of dominant alleles found in 70 D. R. DAVIES masked due to their complementary actions. Analyses of the relationships of Wr and Vr and of W1r and Wr showed no significant joint regression in any instance. Here again, this was not due to a lack of genetic differences or to environmental error variation, but to consistent or non-consistent maternal effects, or to nuclear gene interaction. All joint regressions for rows and columns were also not significant.
(iii) The comparison of radiosensitivity and of the control characters
The analysis of variance is given in table 5. When all the data were taken together there was evidencc of incomplete dominance (D) and of differences between leaves (L). The proportion of dominant alleles in the various genotypes was diflèrent for radiosensitivity and the control character (A>< C); the mean dominance values also differed for the two characters (D x C)-in fact, this was one of the largest components of variation. Mean dominance also varied in the three leaves examined (D x L). Significant higher order interactions (ABCL), (DBCL) and (ADRBC) showed that all main effects were important and were interacting in a complex manner. Since such marked interactions were found, the data were split and analyses undertaken separately of data from the irradiated, control, cotyledon, first and second leaf series. Again the high order interactions ADRB in the irradiated and control series were significant. In the irradiated data of particular interest was the interaction (A x R), indicating a difference in the apparent proportion of dominant alleles found in rows and columns. This difference substantiated the results of the initial analyses of variance where maternal effects (c and d components)
were particularly pronounced. From these data also it was shown were particularly pronounced. From these data also it was shown that the proportion of dominants and degree of mean dominance varied according to the leaf in which the measurements were made (AxL) and (DXL).
4. DISCUSSION The manner in which tomato seeds responded to OOCO gamma rays was shown to be under genetic control, but the exact nature of this control was difficult to elucidate because of its complexity. There was evidence of additivity and dominance, with the different genotypes used in the experiment exhibiting different proportions of dominant and recessive alleles, and of consistent and non-consistent maternal effects. There was evidence of heterosis for sensitivity in some crosses, and for resistance in others.
The complexity of the control could to a large extent be accounted for by the pronounced maternal effects, and unsuccessful attempts were made to remove them from the analyses by examining the data from rows (common female parent) and columns (common male parent) separately. The lack of success was probably attributable to a large extent to the importance of the non-consistent maternal effects. Of particular interest was the novel observation of the maternal influence on the apparent proportions of dominant and recessive alleles in the different genotypes (table 5 ). The complexity of the genetical control could possibly in part be attributable to the occurrence of nuclear gene interaction, but there was no means of ascertaining this in the presence of the pronounced upsetting influence of the maternal effects. One can only speculate as to the nature of the maternal effects. They could be due to the influence of the endosperm or to true cytoplasmic effects. An influence of the endosperm might be expected, since seedling characters were scored. However, it is conceivable that even if mature characters were scored this endosperm effect would still be recognised, since the initiating event which results in radiation damage occurs in the embryo stage with seed irradiation. The genetical control of radiosensitivity was different from that of the simple growth characters, though there was some similarity in that both showed maternal effects. There was also evidence that the control of these characters varied according to whether they were measured in the cotyledon, first or second leaf. Such a difference might be expected for the growth character, with different gene systems being activated at the various stages in the differentiation of the plant. In the case of radiosensitivity, there is only a single common event occurring at the seed stage, and this results in damage in the cotyledons, first and second leaves. It might therefore be expected that the genetical control would appear similar, irrespective of the tissue in which it was measured. The dissimilarity could be due to an elimination of damaged cells in the meristems, thus giving rise to different measures of damage at the different stages of growth. The rate of elimination would vary according to the genotype. On the other hand, if it is assumed that different gene systems are concerned with growth at the various stages, then all these systems need not necessarily be damaged to the same extent. In his studies of radiosensitivity in mice, Grahn (i g8) has also indicated that an incomplete picture of the genetical control is derived if only a single level of response is used.
The dominance detected in respect of radiation response was shown to bc ambidirectional for the first and second leaves. Since dominance is a condition which evolves , the ambidirectional dominance implies that selection for the character radiosensitivity has 7 D. R. DAVIES and recessive alleles, and of consistent and non-consistent maternal effects. There was evidence of heterosis for sensitivity in some crosses, and for resistance in others.
The complexity of the control could to a large extent be accounted for by the pronounced maternal effects, and unsuccessful attempts were made to remove them from the analyses by examining the data from rows (common female parent) and columns (common male parent) separately. The lack of success was probably attributable to a large extent to the importance of the non-consistent maternal effects. Of particular interest was the novel observation of the maternal influence on the apparent proportions of dominant and recessive alleles in the different genotypes (table 5 ). The complexity of the genetical control could possibly in part he attributable to the occurrence of nuclear gene interaction, but there was no means of ascertaining this in the presence of the pronounced upsetting influence of the maternal effects. One can only speculate as to the nature of the maternal effects. They could be due to the influence of the endosperm or to true cytoplasmic effects. An influence of the endosperm might be expected, since seedling characters were scored. However, it is conceivable that even if mature characters were scored this endosperm effect would still be recognised, since the initiating event which results in radiation damage occurs in the embryo stage with seed irradiation. The genetical control of radiosensitivity was different from that of the simple growth characters, though there was some similarity in that both showed maternal effects. There was also evidence that the control of these characters varied according to whether they were measured in the cotyledon, first or second leaf. Such a difference might be expected for the growth character, with different gene systems being activated at the various stages in the differentiation of the plant. In the case of radiosensitivity, there is only a single common event occurring at the seed stage, and this results in damage in the cotyledons, first and second leaves. It might therefore be expected that the genetical control would appear similar, irrespective of the tissue in which it was measured. The dissimilarity could be due to an elimination of damaged cells in the meristems, thus giving rise to different measures of damage at the different stages of growth. The rate of elimination would vary according to the genotype. On the other hand, if it is assumed that different gene systems are concerned with growth at the various stages, then all these systems need not necessarily be damaged to the same extent. In his studies of radiosensitivity in mice, Grahn (i g8) has also indicated that an incomplete picture of the genetical control is derived if only a single level of response is used.
The dominance detected in respect of radiation response was shown to be ambidirectional for the first and second leaves. Since dominance is a condition which evolves , the ambidirectional dominance implies that selection for the character radiosensitivity has been of a stabilising nature Breese and Mather, 1960) . Before discussing this observation further, it is necessary to consider whether there is any relation between spontaneous mutation and chromosome breakage, and induced mutation and breakage (which is ultimately what is measured when growth reduction is scored). If these are comparable, and there is no unequivocal evidence on this point, then it is conceivable that a low level of spontaneous mutation and breakage in an organism has a selective advantage as a means of providing variability. Too low and too high rates would be disadvantageous and hence selection would be of a stabilising kind. On the other hand, if induced and spontaneous mutation and breakage are not comparable, then the character, radiation response, is one which cannot have been exposed to selection. In other words, radiosensitivity per se is not a true character, and what in fact has been measured is some quite different character. This could control such factors as oxygen tension, metabolic rate or production of radioprotective substances etc., and different levels of expression of this character could result in different levels of radiosensitivity. The selection pressure on this unknown character can, of course, not be elucidated.
SUMMARY
The response of tomato seeds to gamma radiation was shown to be genetically controlled. The nature of this control was investigated by an analysis of the progenies of a diallel cross of six varieties. It was polygenic, with evidence of additivity and dominance. The different varieties had various proportions of dominant and recessive alleles, and dominance was ambidirectional. Pronounced consistent and inconsistent maternal effects influenced the radiation response; these affected dominance values to produce a complex genetical situation. The control of radio-sensitivity and growth characters was different, and the genetical situation varied according to the stage of growth at which the characters were measured. been of a stabilising nature Breese and Mather, 1960) . Before discussing this observation further, it is necessary to consider whether there is any relation between spontaneous mutation and chromosome breakage, and induced mutation and breakage (which is ultimately what is measured when growth reduction is scored). If these are comparable, and there is no unequivocal evidence on this point, then it is conceivable that a low level of spontaneous mutation and breakage in an organism has a selective advantage as a means of providing variability. Too low and too high rates would be disadvantageous and hence selection would be of a stahilising kind. On the other hand, if induced and spontaneous mutation and breakage are not comparable, then the character, radiation response, is one which cannot have been exposed to selection. In other words, radiosensitivity per se is not a true character, and what in fact has been measured is some quite different character. This could control such factors as oxygen tension, metabolic rate or production of radioprotective substances etc., and different levels of expression of this character could result in different levels of radiosensitivity. The selection pressure on this unknown character can, of course, not be elucidated.
The response of tomato seeds to gamma radiation was shown to be genetically controlled. The nature of this control was investigated by an analysis of the progenies of a diallel cross of six varieties. It was polygenic, with evidence of additivity and dominance. The different varieties had various proportions of dominant and recessive alleles, and dominance was ambidirectional. Pronounced consistent and inconsistent maternal effects influenced the radiation response; these affected dominance values to produce a complex genetical situation. The control of radio-sensitivity and growth characters was different, and the genetical situation varied according to the stage of growth at which the characters were measured.
